The vascular effects of endothelin-1 (ET) in humans were investigated by brachial artery infusions of ET into 25 healthy volunteers. Forearm blood flow increased from a mean±SD value of 2.3± 1.5 to 2.5± 1.5 ml/min/100 ml forearm tissue (n=25, p<0.05) in response to low dose (0.5 ng/min/100 ml forearm tissue) ET infusion and decreased to 1.78±1.3 and 1.1±0.9 ml/min/100 ml forearm tissue (p<0.001) during higher dosages (25 and 50 ng/min/100 ml forearm tissue). Sodium nitroprusside (0.6 ,g/min/100 ml forearm tissue, n=6), acetylcholine (16 ,g/min/100 ml forearm tissue, n=7), nifedipine (6 pg/min/100 ml forearm tissue, n=6), and verapamil (80 ,ug/min/100 ml forearm tissue, n=6) were infused alone and in combination with ET ity in supernatants from cultured endothelial cells.4 Endothelin is a 21-amino-acid polypeptide that has been isolated from supernatants of cultured porcine endothelial cells.5 Endothelial cells produce and release endothelin-1 (formerly human or porcine endothelin),6 which has potent and long-lasting vasoconstrictor activity in vivo and in vitro.7-10 The peptide produces sustained increases of blood pressure in rats pretreated with atropine, propranolol, and bunazosin,5 but systemic vasodilation and a decrease of blood pressure have also been described after left atrial injection of endothelin-1 into cats.1'
with ET to evaluate the interactions between ET-induced vasoconstriction and stimulation of vascular muscle cyclic GMP levels by sodium nitroprusside, release of endothelium-derived relaxing factor by acetylcholine, and blockade of voltage-operated calcium channels by nifedipine and verapamil. Neither the vasodilator nor the vasoconstrictor response to ET was influenced by sodium nitroprusside or acetylcholine. In contrast, both calcium antagonists converted ET-induced vasoconstriction (e.g., A forearm vascular resistance to ET 50 ng/min/ 100 ml forearm tissue, 151±100%o and 164±92% in verapamil and nifedipine groups, respectively) to vasodilation (-35±12% and -21±16%,p<0.05). Our results demonstrate both ET-induced vasodilation (at low dosages) and vasoconstriction (at high dosages) in resistance vessels of normal humans. Blockade of voltage-operated calcium channels prevented ETinduced vasoconstriction and unmasked the vasodilator effect of high ET dosages. In human resistance vessels, blockade of voltage-operated Ca'+ channels but not cyclic GMP-dependent vasodilation may be an effective tool to inhibit ET-induced vasoconstriction. (Circulation 1991; 83:469-475) T he observation that removal of the endothelium of canine femoral arteries reduced potassium chloride-induced vasoconstriction led to the suggestion that the endothelium may be capable of secreting a vasoconstrictor substance. 1 Subsequent experiments demonstrated hypoxia-or anoxia-mediated release ofa diffusable, non-proteasesensitive vasoconstrictor substance from endothelial cells2'3 as well as protease-sensitive contractile activ-ity in supernatants from cultured endothelial cells. 4 Endothelin is a 21-amino-acid polypeptide that has been isolated from supernatants of cultured porcine endothelial cells.5 Endothelial cells produce and release endothelin-1 (formerly human or porcine endothelin),6 which has potent and long-lasting vasoconstrictor activity in vivo and in vitro.7-10 The peptide produces sustained increases of blood pressure in rats pretreated with atropine, propranolol, and bunazosin,5 but systemic vasodilation and a decrease of blood pressure have also been described after left atrial injection of endothelin-1 into cats.1'
The precise cellular mechanism of action of endothelin-1 is not known, and differing results have been obtained with respect to the reversibility of endothelin-1-induced vasoconstriction. The contention that endothelin-1 may act as an endogenous Ca21 channel agonist5 has been disputed based on observations that endothelin-1-induced vasoconstriction is not fully reversible by organic calcium antagonists.12-14 1n contrast, release of endothelium-derived relaxing factor by acetylcholine or bradykinin and nitrovasodilators abolished endothelin-1 induced contractions in animal preparations15 and normal human arteries. 16 Data on the in vivo effects of endothelin-1 in humans are scarce.1718 The present study was designed to evaluate the vascular effects of endothelin-1 in humans and to investigate the influence of endothelium-derived relaxing factor, the nitrovasodilator sodium nitroprusside, and calcium channel blockade on endothelin-1-induced vasoconstriction. The forearm volume of each subject was measured by water displacement using the Archimedes principle (range, 700-1,200 ml), and drug doses were adjusted accordingly. All solutions were freshly prepared before each study. Endothelin-1, (endothelin, CIBA-GEIGY, Basel, Switzerland) was diluted in Physiogel (gelatin solution 4%; MW 22,000; Swiss Red Cross, Berne, Switzerland) to avoid binding to syringes or tubing. Infusions of Physiogel at volumes of as much as 6 ml/min have been shown not to influence forearm blood flow to a measurable degree. 21 Biological activity of endothelin was tested for each stock solution by measuring the contractile response of artery strips in vitro.16 Sodium nitroprusside (Hoffmann-La Roche, Basel, Switzerland) and verapamil (Knoll, Ludwigshafen, FRG) were dissolved in 0.9% NaCl solution, and sodium nitroprusside solutions were protected from light. Nifedipine was administered using commercially available (Bayer, Leverkusen, FRG) solutions in black-coated syringes and tubing for light protection. Intra-arterial infusions were performed with volumes between 0.5 and 2.0 ml/min using a constant-speed infusion pump (Sage Instruments Inc., Syracuse, N.Y.).
Methods

Study Protocol
All studies were performed in the morning with the subjects recumbent and comfortably resting after a light breakfast. All subjects had been asked to refrain from smoking and consuming caffeinated beverages for 8 hours before the study; none was taking any medicine. The studies were performed in a quiet, air-conditioned room at an ambient temperature of 20-22°C and lasted for approximately 5 hours. Under local anesthesia (lidocaine 1%), an 18-gauge catheter (Abbocath-T, Abbott, Sligo, Ireland) was inserted into the left brachial artery for regional drug infusion and recording of arterial pressure using a Statham P23 Pb pressure transducer. The subjects were allowed to rest for 30 minutes after instrumentation before measurement of basal forearm blood flow, intra-arterial blood pressure, and heart rate. Next, endothelin was infused in three doses (0.5, 25, and 50 ng/min/100 ml forearm tissue) in all subjects. Analysis of the time course of flow changes in the first eight subjects showed that the onset of action usually occurred in the second minute and was maximal from the third minute on. Thus, in the remaining subjects, measurements were obtained during the fifth minute of endothelin infusions. After completion of the endothelin infusions, forearm blood flow was allowed to return to normal, which took between 60 and 90 minutes. Sodium nitroprusside (0.6 gg/min/100 ml forearm tissue, n=6), acetylcholine (16 ,ug/min/100 ml forearm tissue, n=7), verapamil (80 ,gg/min/100 ml forearm tissue, n=6), and nifedipine (6 ,g/min/100 ml forearm tissue, n=6) were then infused for 3 minutes each, and forearm blood flow was measured in the third minute of each infusion. The doses were chosen based on experiments demonstrating that they produced maximal regional vasodilator responses without systemic hemodynamic effects.21-24 Finally, combined infusions of the vasodilator compounds and the three endothelin doses were performed.
Statistical Analysis
Values are given as mean ± SD. One-factor analysis of variance was used to test for differences attribut- 
Results
Vascular Effects of Endothelin
Intra-arterial infusions of endothelin were well tolerated and did not result in any untoward effect. Blood pressure, heart rate, and forearm blood flow in the contralateral arm did not change throughout the study, indicating that the drug infusions had no systemic effects. Although the lowest dose of endothelin (0.5 ng/min/100 ml forearm tissue) caused a small but significant increase of forearm blood flow (2.3-+±1.5 versus 2.5±1.5 ml/min/100 ml forearm tissue, n=25, p<0.05), the higher doses resulted in reductions of forearm blood flow to 1.78±1.3 and 1.1±0.9 ml/min/100 ml forearm tissue, respectively (p<0.001). 
Vasodilator Drugs and Endothelin-Induced Vasoconstriction
Forearm blood flow increased to 14.9+4.4 with sodium nitroprusside, 27.6±12.6 with acetylcholine, 16.9±6.9 with verapamil, and 22.2+7.1 ml/min/100 ml forearm tissue with nifedipine. The effects on forearm blood flow of the vasodilators in combination with endothelin are shown in Figure 2 . Neither sodium nitroprusside nor acetylcholine prevented endothelin-induced decreases of forearm blood flow. In contrast, verapamil as well as nifedipine not only prevented endothelin-induced decreases of forearm blood flow but also resulted in significant (p<0.05) increases to values of more than those of the corresponding controls. The percent changes of forearm vascular resistance in response to endothelin alone and in combination with the vasodilator compounds are shown in Figure 3 . The response to endothelin alone was similar in the four groups of subjects with maximal increases of forearm vascular resistance between 90±85% (subjects assigned to sodium nitroprusside) and 164±92% (subjects assigned to nifed- ipine) (p=NS by analysis of variance). Changes of forearm vascular resistance to the lowest dose of endothelin were not significantly altered by any of the vasodilators. However, the influences of nifedipine and verapamil on the vasoconstrictor effects of the two highest doses were significantly different from those of sodium nitroprusside and acetylcholine (p<0.05 by analysis of variance). Thus, the increase of forearm vascular resistance to, for example, the highest dose of endothelin (Figure 3) was not influenced by sodium nitroprusside (90±85% versus 204±200%, p=NS) or acetylcholine (113 ±66% versus 249±248%,p=NS) but was converted from a vasoconstrictor to a vasodilator response by both verapamil (151 ± 100% versus -35±12%, p <0.05) and nifedipine (164±92% versus -21±16%,p<0.05).
Discussion
Our study demonstrates for the first time in humans that endothelin has a dual action on resistance vessels (e.g., a small vasodilator effect at a low dose and marked vasoconstriction at higher doses). Moreover, calcium channel blockade by either a dihydropyridine calcium antagonist, nifedipine, or a nondihydropyridine calcium antagonist, verapamil, not only prevented endothelin-induced vasoconstriction but also unmasked the vasodilator effects of the peptide. In contrast, neither sodium nitroprusside, which evokes vascular muscle relaxation by increasing cyclic GMP (cGMP) levels,26 nor acetylcholine, which stimulates the release of endothelium-derived relaxing factor and subsequently increases cGMP levels in vascular muscle,23,27-29 influenced the vasoconstrictor response to endothelin.
The finding of endothelin-induced vasodilation at a low dose (0.5 ng/min/100 ml forearm tissue) is compatible with in vitro and animal experiments. Thus, intravenous injection of endothelin in rats causes an initial decrease of blood pressure5s30 and an increase of hindquarter vascular conductance.31 Systemic vasodilation has also been observed in cats after left atrial injection of endothelin.10 The mechanisms leading to vascular relaxation remain unclear. Endothelin releases prostacyclin32-34 and endothelium-derived relaxing factor from vascular endothelium.32 Moreover, removal of the endothelium enhances the vasoconstrictor response to endothelin, suggesting that endothelium-derived relaxing factor may be physiologically counteracting the vasoconstrictor effects of endothelin.16 Thus, it is likely that endothelin stimulates the release of these vasodilator substances and in turn causes vasodilation at low concentrations, which may not produce either vasoconstriction or the vasoconstrictor effects may be overcome by the endogenous release of the relaxing factors. The finding that endothelin consistently induced vasodilation during coadministration of verapamil and nifedipine at doses that caused profound vasoconstriction when administered alone further supports the view that the peptide has a dual action in the vasculature. Slow calcium channel blockade apparently removes the vasoconstrictor effects of the peptide, thereby unmasking the vasodilator activity of even high doses of endothelin.
The observation that both nifedipine and verapamil inhibited endothelin-induced vasoconstriction and endothelin attenuated the vasodilator effects of sodium nitroprusside and endothelium-derived relax- Endothelin (ng/min/100 ml) FIGURE 3. Bar graphs of percent changes of calculated forearm vascular resistance in response to intra-arterial infusion of endothelin alone and during coadministration of sodium nitroprusside, acetylcholine, nifedipine, and verapamil. Endothelininduced changes offorearm vascular resistance were similar in the absence andpresence ofsodium nitroprusside and acetylcholine, respectively (top panels). Nifedipine and verapamil converted the vasoconstrictor response to the two highest doses of endothelin into a vasodilator response (bottom panels). 
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ing factor release by acetylcholine is in contrast to most in vitro findings. Thus, in rings of canine arteries contracted with endothelin, acetylcholine caused rapid and complete relaxation,35 whereas calcium antagonists were ineffective in canine veins,35 rabbit and rat artery preparations,8 or isolated rat aorta.14 As endothelium-derived relaxing factor release by acetylcholine and administration of sodium nitroprusside also abolished endothelin-induced contractions in human internal mammary artery rings,16 the discrepancies cannot be entirely related to species differences. These contrasting results are not readily explained but may be related to the following. First, our experimental model investigates vascular effects of endothelin in resistance vessels, whereas in vitro experiments usually use large conduit vessels. Differences with respect to the vascular effects of endothelin may exist between large arteries and resistance vessels. Although the comparative vasodilating potencies of the vasodilators used along the vascular tree are not known, it is also conceivable that they may act differently on large arteries or capacitance vessels compared with resistance vessels. Such an effect might contribute to the discrepancies between our results and those obtained in vitro. The fact that forearm blood flow was highest on average after acetylcholine precludes, however, the possibility that differing vasodilator potencies of the vasodilators in forearm resistance vessels accounted for the lack of effect of sodium nitroprusside and acetylcholine on endothelin-induced vasoconstriction.
Second, the precise mechanism of action of endothelin in vascular muscle is not clear but appears to involve a component sensitive to blockade of voltageoperated Ca2+ channels36,37 as well as a nonsensitive component.8'13'34'37 The nonblockable component is associated with an increase of intracellular free cytosolic calcium due to phospholipase C activation and generation of inositol trisphosphate (IP3)12,37-39 and possibly also to direct activation of protein kinase C. 40 The resulting membrane depolarization then appears to activate voltage-operated, calcium antagonist blockable L-type Ca2+ channels, leading to sustained contractions.37 '41 In addition, in certain vascular preparations such as the porcine coronary artery, endothelin may interact with the Ca2+ channel complex through a transducer macromolecule such as the membrane guanosine trisphosphate-binding proteins. 36 It has also been shown that the development of vascular tone depends more on calcium influx through slow Ca2+ channels in small than in large arteries.42 Even though the initiation of the cascade of events leading to sustained vasoconstriction may not be related to activation of voltageoperated Ca21 channels, it is therefore conceivable that the marked dependence of vascular tone on the activity of voltage-operated Ca2+ channels may account for the abolition of sustained endothelininduced vasoconstriction in resistance vessels. The similarity of the responses to nifedipine and verapamil demonstrates that the reversal of endothelininduced vasoconstriction is not specific for dihydropyridine calcium antagonists but rather relates to the activity of voltage-operated slow Ca'+ channels.
Methodological Aspects
The model of intra-arterial infusions was chosen to assess the vascular effects of endothelin and the influences of various vasodilators. The approach offers the advantage that high regional drug concentrations can be achieved without evoking systemic hemodynamic effects. None of the interventions caused any measurable systemic hemodynamic effect, indicating that changes of forearm blood flow reflected changes of forearm vascular resistance independent from reflex mechanisms triggered by, for example, changes of blood pressure. Because flow is regulated by small resistance vessels, our results cannot be directly compared with those of in vitro studies of large conduit arteries. Furthermore, forearm blood flow goes mainly to muscle and skin; nothing is known about possible differences with respect to endothelin effects in these vascular beds. It is also obvious that the forearm may not be representative for other vascular beds, such as the renal or splanchnic circulation.
We did not measure systemic plasma endothelin concentrations during infusions. Although endothelin infusions did not change blood pressure or heart rate, subsystemic doses of endothelin might have acted on the kidney or atrial myocytes and resulted in reduced renal perfusion43 with an increase of renin or a release of atrial natriuretic peptide. 44 If one estimates systemic plasma endothelin concentrations in our subjects (based on a forearm volume of 1,000 ml and a plasma volume of approximately 3,000 ml for a 70-kg subject and disregarding the rapid clearance of endothelin,17 the concentration during the highest endothelin infusion (50 ng/min/100 ml forearm tissue) would be approximately 170 pg/ml, or 68 pmol/1. Although an effect on the kidney or atrial myocytes cannot be ruled out, an average endothelin concentration of 57 pmol/l during intravenous infusions did not influence plasma renin activity or plasma aldosterone and atrial natriuretic peptide concentrations in normal subjects. 17 Thus, it appears unlikely that reduced renal perfusion43 with an increase of renin or a release of atrial natriuretic peptide44 contributed to the vasoconstrictor and vasodilator responses to endothelin, respectively.
We used Physiogel as a solvent for endothelin infusions. In previous experiments, we have shown that Physiogel in volumes threefold more than in our studies did not induce a measurable degree of vasodilation. 21 Therefore, the increase in forearm blood flow in the endothelin-infused arm in the face of unchanged blood pressure as well as blood flow in the contralateral control arm must be interpreted as endothelin-induced vasodilation.
The concentrations of vasodilator drugs were high and led to maximal regional vasodilator responses in our model. The absolute forearm blood flow values obtained after sodium nitroprusside, acetylcholine, verapamil, and nifedipine were comparable to those described previously. 22 
